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MAMMALS that do not exhibit extensive paternal care are often promiscuous, with male reproductive success dependent on dominance status or priority of access to females. The details of the reproductive strategies of males are influenced by the distribution of resources and the social groupings of females (Clutton-Brock and Harvey 1978) . Most information on the mating systems of the macropodid marsupials, the kangaroos and wallabies, is derived from the larger species. The unpredictability of resources such as food and water has influenced the life histories and mating systems of these species. For example, the food source of the eastern grey kangaroo (Macropus giganteus), grass, has a patchy distribution, preventing defence of this resource by males. The females have a fluid social structure so that males cannot defend female groups either. Instead, a dominance hierarchy is maintained among the males in a 'mob' occupying a particular geographical area and male dominance determines males' priority of access to oestrous females (Jarman and Southwell 1986) . The wallaroo (Macropus robustus) (Croft 1981) and red-necked wallaby (Macropus rufogriseus) (Johnson 1987 (Johnson , 1989 ) are more sedentary than M. giganteus but exhibit similar polygynous mating systems with roving males.
Rock-wallabies (Petrogale spp.) differ from most other macropods because they are almost always found associated with rocky areas or cliffs with refuges that provide climatic relief and protection from predators (Sharp 1997a; Jarman and Bayne 1997) . Refuges are essential resources that can be controlled by dominant individuals and thus have probably shaped the social and mating systems of rock-wallabies. The allied rock-wallaby (Petrogale assimilis) is the only species of rock-wallaby for which the mating system has been extensively studied. Its mating system differs from those described for other macropods because long-term monogamous pairs are formed in some populations (Horsup 1996; Spencer et al. 1998) . Refuge defence by males appears to be an important factor in the development and maintenance of pair bonds. However, recent genetic work showed that individuals in one population were not always genetically monogamous; one-third of young were fathered by a male other than their mother's social mate (Spencer et al. 1998) .
Brush-tailed rock-wallabies (Petrogale penicillata) were once abundant throughout southeastern Australia but populations are now declining (Commonwealth Environment Protection and Biodiversity Conservation Act 1999) . Little is known of this species' social and mating systems because most work on social systems in P. penicillata populations has been based only on observations at their daytime refuges. These observations suggest that the mating system may be resource defense polygyny with a single male guarding the diurnal refuges of several females (Joblin 1983; Jarman and Bayne 1997) . Little is known about the nocturnal activities of P. penicillata when they leave their refuges to forage in open woodland or grassland. The aim of this study was to determine the nocturnal range sizes and overlaps of individuals in a population of P. penicillata in south-east Queensland, and to describe their social interactions in their nocturnal foraging ranges.
METHODS

Study site and population
The population of P. penicillata that we studied inhabited an area of approximately 27 ha that was situated above the cliffs on the southern side of the Hurdle Creek Valley, Mt. Colliery, Queensland (28°1 7' S, 152° 19' E) (Carter and Goldizen, in press). The bottom third of the valley consisted of a steep slope with thick leaf litter and vegetation comprising large rainforest trees and low vines without grass cover; we doubt that rock-wallabies fed in this area. The higher parts of the valley walls were made up of cliffs interspersed with steep rocky slopes. Above this area was a small strip of flat ground covered by open Eucalyptus woodland and tussock grass and then another steep slope. The land then became flat again and opened into grassland, which contained many dead trees, tree stumps and fallen logs. A road ran through the middle of the study area but had little traffic, and a small dam was situated on the southern side of the road. Over 80% of the area on the top flat slope was marked using posts with reflective markers in a 10 m by 10 m grid to assist with the estimation of distance.
The population was trapped prior to the study using baited cage traps that were placed on the flat areas just over the top of the cliffs. Each trapped animal was given a passive integrated transponder tag (Life Chip/Digivet.com Pty. Ltd., Baulkham Hills, NSW) and an individually colour-coded reflective ear tag (Reflex Promotions, Knoxfile, Victoria) and weighed and measured. In open areas and favourable weather conditions the reflective tags were visible up to 50 m away. Thirty-four individuals had been tagged by 12 th October 2001, but only 23 of these were observed in the study area during this study. We suspect that the individuals that were not sighted during our study had been transients, or died or emigrated before our study started. Two additional animals could be reliably identified using tears in their ears and coat markings and were therefore treated as tagged animals for the purpose of data collection. We estimated the population to consist of 37 individuals including juveniles during this study; however, some of these individuals may not have been full-time residents of the area.
The animals did not appear to be affected by stationary observers. Moving observers sometimes caused initial disturbance of some study animals but wallabies rarely moved more than 20 m from their original position and promptly returned to feeding. Observers did not appear to affect the behaviour of individuals engaged in sexual or aggressive behaviour.
Nocturnal ranges
Data on nocturnal ranges were collected by walking along pre-determined transect lines, which were placed so that every point in the nocturnal foraging area of the population could be surveyed from some point on the transects (Fig. 1) . The varying gradients and vegetation in the area led to an irregular layout of the transects. Part way through the study there was a sudden sprouting of grass seed-heads, which led to decreased visibility in some areas. As a result, extensions were made to several transects. Transects extended well beyond the areas where we saw wallabies at night. One of the transects ran along the dirt road that bisected the study site. Individual wallabies were located and identified using a 100 Watt spotlight and binoculars. Only a single recording of position was made for each wallaby each night except for four nights when wallabies were recorded in the late afternoon on the cliffs and then after 0200. The initial position of each wallaby was noted before any disturbance by the observer resulted in movement of the wallaby. When rock-wallabies were startled at our site, we would hear them moving through the vegetation; such sightings were not used. The position of a sighted animal was drawn in relation to local landmarks, in association with flagging tape. A GPS (Global Positioning System) reading was then taken from this point the next day using a Garmin 12 GPS. Almost all GPS readings were within an error margin of ± 5 m and no readings were included that had an error of more than ± 10 m.
Social interactions
Observations of associations between marked individuals, as well as sexual and aggressive behaviour were made opportunistically from November 2001 to March 2002. A wallaby was considered to be associating with another wallaby if it was within 5 m of the other individual at any time during a night's observations. Animals within 5 m of each other were likely to interact, whereas those outside the 5 m radius were not. This distance was determined during a pilot study and has also been used in other studies on association in this species (Joblin 1983) . A list of sexual and aggressive behaviours was compiled from several studies on this and related species (Allerstorfer 2000; Horsup 1996; Bayne 1994; Coulson 1989; Wilhelm and Ganslosser 1989; Batchelor 1980) and were used in this study. Animals exhibiting these behaviours were easy to locate due to the clucking noise made by males and hissing by females during such interactions. Interacting wallabies were watched until they were more than 30 m away from each other and had resumed feeding. Aggressive and sexual interactions were only counted once per pair of animals per night. From the 6 th March to the 17 th March 2002, one hour focal watches were performed at sites at which two or more wallabies were observed within 10 m of each other; prior observations suggested that wallabies were likely to interact if within 10 m of each other. These focal watches were done to increase the dataset on interactions.
Analyses
Incremental area analysis showed that 25 fixes were sufficient to attain an accurate estimate of the nocturnal range of an individual (Fig. 2) . No nocturnal ranges were used for analysis that were based on fewer than 27 fixes. The nocturnal ranges of six adult males and fifteen adult females fit this criterion.
Individuals' positions were plotted using RANGES V (Kenward 1995). This program was used to calculate the shapes, sizes and overlaps of individuals' nocturnal ranges using the minimum convex polygon method and 50% and 95% fixed kernel analyses, and to perform the incremental area analysis. The Animal Movement extension of Arc View 2.3a (Hooge 1998) was used to map home ranges and geographic features. This program was also used to measure the areas of overlap between individuals' home ranges.
We tested data sets for normality and where the constraints of normality were not met non-parametric tests were used. Means are presented with standard errors.
RESULTS
Nocturnal ranges
Using the 100% minimum convex polygon method, adult males had an average nocturnal range size of 2.84 ± 0.32 ha (n = 6) and adult females 2.01 ± 0.20 ha (n = 15). Males' nocturnal ranges were significantly larger than those calculated for females using the 100% minimum convex polygon method (two-sample t-test, t = -0.70, p < 0.05), the 95% kernel method (males: µ = 3.28 ± 0.06 ha, females: µ = 1.92 ± 0.22ha; two-sample t-test, t = 2.09, p < 0.05) and the 50% kernel method (males: µ = 0.62 ± 0.14 ha, females: µ = 0.36 ± 0.04 ha; two sample t-test, t = -2.82, p < 0.05). Nocturnal ranges for the entire tagged study population using the 100% convex polygon method of estimation are presented in Fig. 3 to show the extensive overlap of nocturnal ranges in the population.
Rock wallabies emerged from daytime refuges into foraging areas in three discrete places along the cliff line that were separated by two areas of nearly vertical rock face (Fig. 4) . Two of these were short lengths of cliffs, while the third covered a longer stretch. Each individual only emerged from over the cliffs in one of these three areas. Three males and five females were seen in the Western group, one male and five females in the Middle group and two males and four females in the Eastern group. The set of individuals that emerged along the same part of the cliffs was called a 'cliff group'. Individuals within a given cliff group had significantly more nocturnal range overlap with their own cliff group members than with members of other cliff groups (paired t-test, t = 4.81, p < 0.05). Cliff group members were also more likely to associate with each other than with individuals from other groups (paired t-test, t = 4.81, p < 0.05).
Social interactions
No significant differences were found between the percentages of times that males or females were observed with males versus females (Wilcoxon paired-sample test, T = 2, p < 0.05 for males; T = 29, p < 0.05 for females), and males and females were equally likely to be observed alone (two sample ttest, t = 0.34 p > 0.05). The largest number of different females that any female associated with was five, whereas the largest number of males with which a female was observed associating was three. In contrast, males associated with up to seven different females and up to three males. Although most wallabies did not consistently associate with particular individuals, one male and female were consistently observed together, with a total of 20 associations recorded during the study.
Over the study period 39 sexual interactions involving at least one tagged individual were observed within the population. The highest number of females with whom individual males were observed interacting sexually during the study period was four (µ = 3.83 ± 0.48), while females were observed in sexual interactions with a maximum of three and a mean of 1.46 ± 0.35 males. Sexual and aggressive interactions were equally likely to occur inside and outside the core nocturnal ranges (50% isopleth) of the initiators of the interactions (paired ttest, n = 6 males, t = 0.67, p > 0.05 for sexual interactions; paired t-test, t = 2.10, p > 0.05 for aggressive interactions). There were 26 sexual interactions that occurred between identifiable individuals that had been assigned to cliff groups. All but two of these interactions were between individuals who belonged to the same cliff group. In contrast, four aggressive interactions were observed between members of the same cliff group and five between members of different groups.
DISCUSSION
In this study, the nocturnal home ranges of male P. penicillata were found to be larger than those of females. All home ranges were highly overlapping, but there was only one case of consistent association between a pair of wallabies, involving an adult male and female who were seen within 5 m of each other on 20 different nights. Three subgroups were found within the population, based on where wallabies emerged over the cliffs from their diurnal refuges. Both males and females were seen to interact sexually with multiple individuals and sexual and aggressive interactions did not occur more frequently within the 50% core nocturnal range of individuals than expected.
Petrogale penicillata at Hurdle Creek had nocturnal ranges much smaller than those calculated by Short (1980) at the Goulburn River, New South Wales, and Batchelor (1980) at Motutapu Island, New Zealand. Short (1980), using radio tracking, determined that the diurnal and nocturnal home range sizes of P. penicillata ranged from 6 -30 ha with a mean of 15 ± 3.4 ha and that nocturnal ranges were larger than diurnal ranges. Batchelor's (1980) estimate, determined using opportunistic visual sightings, was somewhat smaller, with home ranges estimated at 5 ha. The small home range sizes in our study were likely due to differences in ecological factors between sites. The productivity and nutritional value of the vegetation at different sites are factors likely to affect home range size. In addition, at sites where short green grass is not only abundant but also located within a short distance from suitable refuge sites, home ranges would be small. Thus, our site may differ from others in productivity and/or structure.
Most of our study animals were not seen every time that the transects were walked, raising the possibility that they were using larger feeding areas than we realized. However, we have two reasons to believe that this is not the explanation for the small foraging ranges that we observed. First, all of the transects extended beyond the areas where we found wallabies at night. Second, we observed that animals frequently fed for a period early in the evening, then appeared to go back over the cliffs to the locations of their diurnal refuges, perhaps returning to feeding areas later. We were not able to quantify these patterns, but suggest that this may explain most cases when animals were not seen from transects.
We found that in P. penicillata the nocturnal home ranges of males were larger than those of females, as has been found in most macropods that have been studied (Croft 1989) . In many species of macropods, high levels of sexual dimorphism exist (Jarman 1989) , thus larger male ranges may be due to the increased energetic requirements of the larger males. However sexual dimorphism appears to be relatively small in P. penicillata (Jarman 1989) . Alternatively, male macropods may have larger home range than females in order to increase their mating opportunities (Fisher and Owens 2000) .
Nocturnal ranges of P. penicillata overlapped extensively between individuals. Home range overlap within sexes occurs in all studied species of macropods except the long-nosed potoroo (Potorous tridactylus) and the long-footed potoroo (Potorous longipes), both of which are forest specialists (Jarman 1991) . High levels of home range overlap are likely to be due to patchy distributions of resources, leading to aggregation at sources of food or shelter, but may also be an anti-predator strategy.
Despite the highly overlapping nocturnal ranges, the Hurdle Creek population was spatially separated into three groups. Within each group, individuals shared overlapping nocturnal ranges (Laws, unpubl. data) and emerged from below the cliff in the same areas, suggesting that they also shared similar diurnal ranges. It is not likely that all group members shared the same refuge (a cave or overhang), as a previous study of P. penicillata showed that individuals shared their refuges only 13% of the time (Joblin 1983) . Individuals in our population also associated more frequently at night and were more likely to engage in sexual activity with members of their own cliff group. This is similar to what Short (1980) found, with two semi-discrete subpopulations within close proximity of each other in his study.
The lack of data on untagged individuals in the calculations of nocturnal range overlap and cliff group overlap and membership means that these data sets are not complete; however, this should not have affected the general trends observed in the data in a significant way. There were approximately six adults in the study area that were not identifiable because they were not tagged or had lost their tags, but they appeared to be evenly distributed through the study area. The nocturnal ranges of juveniles were not recorded in this study.
Female P. penicillata were just as likely to associate with either sex, thus they did not appear to form female feeding groups or partnerships. Our data are also consistent with the possibility that males may have been guarding females for short periods, although males did not closely and continuously guard females. The very limited number of associations between males observed by Joblin (1983) all involved antagonistic interactions. During this study, however, males were sometimes seen associating without any aggressive behaviour occurring, which suggests that males may be more tolerant of the presence of other males at night than during the day.
Male and female P. penicillata were observed alone more than 60% of the time at night, thus they are not as social as some of the larger macropods but are more social than most of the small nocturnal marsupials (Kaufman 1974) . The large degree of overlap between individuals' nocturnal home ranges contrasts with the limited association between individuals, suggesting that individuals' nocturnal home ranges might overlap less with those of other individuals if refuges and suitable foraging areas were more abundant.
Sexual interactions were not more likely to occur within the core home ranges of the initiators of these interactions. Indeed, many matings occurred on the edges of individuals' nocturnal ranges. This implies that males do not just mate with females that are in the area in which they spend most of their time, but are also likely to be actively searching for females in the edges of their nocturnal ranges. It is important to note, however, that we have no information on any diurnal sexual interactions that may occur in this population.
Previous diurnal work on this species suggested a very different mating system to that found in this study. Joblin (1983) found that individual males defended the diurnal ranges of several females. This study, however, showed that the nocturnal ranges of females were overlapped by those of multiple males. There was also no clear evidence that males consistently guarded particular females. However, it is possible that males use the daytime period when they defend a female's territory to monitor her sexual state (Jarman and Bayne 1997) and then only actively guard the female at night for the short period of time when she is in oestrus. The small range and inactivity of females during the day would make it energetically inexpensive for males to always guard females during this time. In contrast, it would be costly for a male to prevent other males approaching the females he guards diurnally all night every night. By guarding females only during oestrus, males may reduce their energetic expenditure. As in other species of rock-wallabies such as the yellow-footed rock-wallaby (P. xanthopus) (Sharp 1997b) and P. assimilis (Horsup 1996) , the mating system of P. penicillata appears to be shaped by the species' ecological requirements, in particular refuge use.
